Successive feeding of phenol at concentrations of less than 5.5 mMinto a thick suspension of Trichosporon cutaneum WY2-2 precultured in MPY-mediumresulted in a high yield (approximately 28.7 g wet cells/liter) of intact cells capable of decomposing phenol actively (3.7 /imol/min/g ofwetcells).
A highly purified preparation of catechol 1,2-oxygenase was obtained from strain WY2-2 grown on phenol. The purified enzyme was homogeneous on polyacrylamide disc-gel electrophoresis. The enzyme had a molecular weight of about 105,000 and gave rise to subunits of molecular weight of 35,000 by SDS gel electrophoresis.
Therefore, the enzyme appears to be a trimer ofsubunits with identical molecular weight. The Michaelis constants were 9.0 fiM for catechol and 6.8 jUM for 4-methylcatechol. The enzyme exhibited higher activities towards 4-methylcatechol and hydroxyquinol than towards catechol, and had essentially the same substrate specificity as the crude extracts. 4-Methylcatechol completely inhibited the enzyme activity towards catechol.
Catechol
1,2-oxygenase in bacteria was originally purified from a Pseudomonas, and it was proved to be a dioxygenase.1~4) The enzyme was isolated from Brevibacterium fuscum, 5) also.
On the other hand, catechol 1,2-oxygenase in fungi was highly purified from a strain of Trichosporon cutaneum.6) In a previous paper,7) we reported that catechol 1,2-oxygenase from Trichosporon cutaneum WY2-2, which isolated by us from an activated sludge, was apparently different in its substrate specificity from the enzymefrom T.. cutaneum isolated by Neujahr et al.6) and the other such enzyme in bacteria.1~5) This report describes an effective technique to get high yield of intact cells of T. cutaneum WY2-2 capable of decomposing phenol actively, on stability of crude extracts from the strain grown on phenol and the characteristics of the enzymepurified from extracts of the strain grown on phenol.
MATERIALS AND METHODS
Organism. Trichosporon cutaneum WY2-2.
Method of cultivation. T. cutaneum WY2-2 was subcultured for 20hr at 30°C with shaking in a total volume of 2 liter in 2-liter conical flasks each containing 500ml of MPY-mediumconsisting of: malt extract broth (Difco Laboratories, Detroit, USA) 2.0%, Polypepton (Daigo Eiyokagaku Co., Osaka, Japan) 0.5%, yeast extract (Oriental Yeast Co., Tokyo, Japan) 0.01 %. Then cells (70 gram of wet weight) were centrifuged at 8000xg for 20min, washed once with distilled water and adapted in a 5-liter mini-jar fermentor (L. E. Marubishi Co., Tokyo, Japan) containing 2.5 liter of the following medium (pH 6.0) consisting of: phenol 5.2mM, NH4C1 0.5%, KH2PO4 0.25%, MgSO4-7H2O 0.1%, NaCl 0.01%, CaCl2-2H2O 0.001%, FeSO4-7H2O 0,001%, yeast extract (Oriental Yeast Co.) 0.01% and 1 ml/liter salts solution containing ( Determinations. Growth of T. cutaneum WY2-2 was measured by a Fuji electrophotometer with Filter No. 660 and is expressed as ADSunit which was calculated from the multiplication of optical density by 130. Phenol was determined by the method of Folin et al.8) Gas chromatography was carried out with a Hitachi gas chromatograph, Model K-53, equipped with a flame ionization detector operated in single-column mode under the following conditions:
column, 1 m x 3 mm. I.D. stainless steel packed with 10% Silicone SE-30 on 60~80 mesh Chromosorb WAW; temperature, programmed from 100rC at 10°C/min to 240°C; flow rate of nitrogen as carrier gas, approx. 15ml/min.
Gas chromatographymass spectrometry was carried out with a JEOLJMS-100 mass spectrometer-JGC-20K gas chromatograph equipped with an electron impact ionization system.
Enzymeassay. Catechol oxygenase activity was determined spectrophotometrically by the increase in absorbance at 260 nmexcept pyrogallol at 300nm and hydroxyquinol at 245 nm with a Hitachi spectrophotometer Model 124.3) One enzyme unit is defined as the amount ofenzyme catalizing the formation of 0.1 fimol of the respective product expected (catechol to cis,cis-m\\conic acid (£26o = 1 6,800), 4-methylcatechol to 3-methylmuconic acid (e26o = 1 3,900),2O) 3-methylcatechol to 2-methylmuconic acid (£260 = 18,000), 20) pyrogallol to 2-hydroxymuconic acid (£296 = 14,500)2O) and hydroxyquinol to maleylacetic acid (e245 = 5,400)21))/min. 
RESULTS
Successive feeding ofphenol to the thick suspension of Trichosporon cutaneum WY2-2 It was tested whether successive feeding of phenol into a thick suspension of T. cutaneum WY2-2 precultured in MPY-mediumwould result in a high yield of intact cells capable of decomposing phenol actively. Figure 1 illustrates time course of successive feeding of phenol to the thick suspension of the strain. Seventy gram of wet cells of WY2-2 grown in 2 liter ofMPY-medium were adapted in a 5liter mini-jar fermentor in 2.5 liter of the mediumcontaining phenol at a concentration of 5.2mM. After lag time of 2.5hr, almost all of phenol was consumedand then successive feeding of phenol at concentrations of less than 5.5mM resulted in a high yield (about 86 gram of wet cells/3 liter of the medium) of the organism. Even at the 7th feeding (after 7hr) the culture decomposed phenol at a rate of 3.7 /miol (347 //g)/min/gram of wet cells and total phenol consumed was about 8.4 gram/3 liter of the medium. Catechol oxygenasein a crude extract was rapidly inactivated at pH 6.0 and there was a 80% inactivation after 3 days of storage at 0°C. At pH 7.0, 80% of the activity was lost after 13 days of storage at 0°C. At pH 7.6, 8.2 and 8.3, the original activity was preserved completely even after 16 days of storage at 0°C. Therefore, it appeared that the crude extract was stable in the pH range between 7.6 and 8.3. days of storage at 0°C. By the additions of both 2-mercaptoethanol and ethanol, the activity was preserved even after 35 days of storage at 0°C. The effects on addition of dior trivalent iron towards the extract were uncertain.
Purification of catechol 1 ,2-oxygenase All operations were carried out at 4°C, unless otherwise stated.
Step 1 solution was dialyzed against the same buffer overnight at 4°C. The enzyme solution contained 40mg of protein and the specific activity was 19.6 U/mg of protein.
Step 5. Chromatography on a Sephadex G-200 column. One ml of the enzymesolution obtained in the preceding step was applied to a Sephadex G-200 column (2x80cm) equilibrated with Buffer A. The elution was run with the same buffer. A purple band indicated the movement of the enzyme. The most active fractions were pooled (12ml). The enzyme solution obtained had 3.3mg of protein and the specific activity was 129.9 U/ mgof protein.
Step6.
Chromatography on a hydroxyapatite column. Ten ml of the enzyme solution from
Step 5 were applied to a column of hydroxyapatite (1.5 x 10cm) equilibrated with Buffer A without 4jlim FeSO4. The elution was run with the same buffer and then carried out with 40ml of 1mM potassium phosphate buffer (pH 7.6) containing 10% ethanol and 5mM 2-mercaptoethanol.
Subsequently, a potassium phosphate gradient (l-»50mM, 80ml for total volume) was applied. The gradient contained 10% ethanol and 5 mM2-mercaptoethanol.
The most active fractions were eluted between 10 and 16mM. The active enzyme (2ml) was precipitated by the addition of 5.6 g crystalline (NH4)2SO4. The precipitate was gathered after 1hr by centrifugation for 20min at 8000xg and it was dissolved in 6ml of 50mM Tris-HCl buffer (pH 7.8 at 4°C) containing 10% ethanol, 5mM 2-mercaptoethanol and 4/iM FeSO4 and dialyzed against the same buffer for 2 days at 4°C. The enzyme solution was preserved at -20°C. The enzyme solution contained 0.96mg of protein and the specific activity was 181.5 U/mg of protein. The purification procedure is summarized in Hydroxyapatite Column (1.5 x 10cm).
Ten ml of the enzyme solution was applied to a hydroxyapatite column. First, the elution was carried out with 40ml of Tris-HCl-EtOH-mercaptoethanol buffer (pH 7.8) and subsequently with 40ml of 1him Kphosphate-10% EtOH-5 mM mercaptoethanol buffer (pH 7.6). And then a phosphate gradient (l->50mM, total 80ml) was applied. Flow rate: lOml/hr. Symbols: -#-O.D., 280nm; -O-activity, units/ml; K-phosphate, him.
Homogeneity and molecular weight
The molecular weight of the enzyme was found to be approximately 105,000 as calculated from two different determinations. Figure 4 indicates a chromatography of catechol oxygenase on Sephadex G-200. The enzyme treated by heating at 100°C for 5min in a 1% Sodium dodecyl sulfate (SDS) and 5% ovalbumin (43,000); 3, serum albumin (67,000); 4, aldolase (158,000); 5, blue dextran (2,000,000). single band on SDS-polyacrylamide gel electrophoresis and the molecular weight of the protein band was calculated to be approximately 35,000 as shown in Fig. 5 . Therefore, this result suggests that the enzyme protein consists of three subunits of the same molecular weight.
Substrate saturation
The Michaelis constant, Km,was found to be 9.0 yuM for catechol and 6.8 jum for 4-methyl- tion, 1.0him). KCN (1 him) showed 53% of inhibition. The effect of heavy metals confirms the involvement of SH-groups, and that of the iron chelating agents indicates the presence in the enzyme of both, di-and trivalent iron (Table II) .
The effect of quinones and oxidizing and reducing agents
Oxidizing agents were without effect, but reducing agents strongly inhibited the enzyme activity. Ascorbate and the quinones examined were powerful inhibitors (Table III) .
The effect of substrate analogues
The effects of substrate analogues as inhibitors of the enzyme activity towards catechol were determined (Table IV) . The enzyme activity was inhibited completely by 4-methylcatechol and also inhibited to considerable extents by other catechols except protocatechuate. Inhibition by these catechols may be Activity was spectrophotometrically determined using 0.1fimol of each compound as described in the text. To measure the rate of catechol oxidation in the presence of an inhibitor, the latter was added to reaction mixture immediately before addition of catechol. Inhibition (%) is shown as percentages of the oxygenase activity towards catechol alone.
Compound
Activity (%) Inhibition (%) due to competition as substrate for catalytic sites.
Substrate specificity As shown in Table IV , the highly purified enzyme exhibited higher activities towards 4methylcatechol and hydroxyquinol than towards catechol, but it also catalyzed the oxidation of 3-methylcatechol and pyrogallol a little. And it had essentially the same substrate specificity as the crude extracts.
Identification of the oxidation products of catechol and 4-methylcatechol As mentioned before, T. cutaneum WY2-2 catechol oxygenase differs in substrate specificity from other known catechol oxygenases. Therefore, it was necessary to check whether the mode of action of this enzyme was similar to that of other catechol oxygenases. Experiments were conducted to isolate and identify the oxidation products of catechol and 4-methylcatechol. Successive portions of catechol or 4-methylcatechol (100mg in total) were added to a solution of 100ml of Buffer A and 20mg of protein of the partially purified enzymepreparation taken after Step 4 of purification (Table I) in such a way that the concentration of catechol or 4-methylcatechol was maintained at approximately 0.5 mM.The reaction was carried out at room temperature with constant stirring. Absorbance of aliquots were read at 260nm at 30min intervals. After 5hr, the reaction mixture was freezed at -80°C overnight and then it was freeze dried. The oxidation products were isolated by the thin layer chromatography from the ethanol extracts of freez-dried samples and methylated by diazomethane. The methyl esters of the oxidation products were gas-chromatographed with programmed-temperature and they were analyzed on a JEOL JMS-100 double focusing spectrometer with a JEOL JGC-20K gas chromatograph. The results of programmed-temperature gas chromatography of methyl esters of the oxidation products were in agreement with dimethyl esters of authentic cis,cis-muconic acid and 3-methylmuconic acid, respectively. Mass spectra of methyl esters of the oxi- The reaction products of catechol, 4methylcatechol, 3-methylcatechol, pyrogallol and hydroxyquinol with our purified enzyme in 50mM Tris-HCl buffer (pH 7.5) showed probably the spectra of cw,cw-muconic acid with X^5 at 258 nm, 3-methylmuconic acid with /i^x7 5 at 263 nm, 2-methylmuconic acid with AJ*JX7'5 at 268 nm, 2-hydroxymuconic acid with-A^x7 5 at 296nmand maleylacetic acid with /l^x7-5 at 245nm, which were omitted in this paper, respectively. And they also gave the sameultraviolet absorption as crude extracts from T. cutaneum WY2-2.7) Consequently, the above results show that the enzyme from T. cutaneum WY2-2 is a typical "intradiol dioxygenase" giving not only cis,cis-muconic acid from catechol and 3methylmuconic acid from 4-methylcatechol, but probably maleylacetic acid from hydroxyquinol, 2-methylmuconic acid from 3-methylcatechol and 2-hydroxymuconic acid from pyrogallol.
DISCUSSION
Successive feeding of phenol at concentrations of less than 5.5mM to the thick suspensions of our strain WY2-2 resulted in a high yield (28.7 gram of wet cells/liter) of intact cells capable of decomposing phenol actively.
On the other hand, Neujahr et al.
reported that the yield of cultivation in a tank was 3.6 gram of wet cells/liter.6) Therefore, the author considers that successive feeding of the phenolic substrate to the thick suspensions of the microorganism precultured in MPY-mediumis a more effective technique to get high yield of intact cells capable of decomposing the substrate actively in short time.
The crude extracts from strain WY2-2 were stable in the presence of both ethanol (10% vol/vol) and 2-mercaptoethanol (5 mM)into the buffer and the activity remained unchanged for 35 days at 0~4°C. It is assumed that addition of ethanol in the buffer protects the hydrophobic bonds in the protein by pre- Investigations on the characteristics of catechol 1,2-oxygenases purified hitherto revealed that the molecular weight of the enzymes is in the range of 70,000~110,000, and that the active enzymeshave distinct red colour and are non-hemeiron proteins.
Similarly to the other catechol 1,2-oxygenases, the molecular weight of the enzyme purified by the author was approximately 105,000 and the characteristic red colour of the active enzyme disappeared upon inactivation. Some significant differences between our enzyme and those isolated from other microorganisms seem to exist. Namely, the enzyme had a subunit of molecular weight of 35,000, and this result suggests that the native enzyme (105,000), in contrast to the other catechol 1,2oxygenases,1'5'6) is a trimer. The purified enzyme exhibited higher activities towards 4methylcatechol (186%) and hydroxyquinol (159%) than towards catechol (100%), 3methylcatechol (6%) and pyrogallol (9%), and it was obviously different in the substrate specificity from those isolated from Brevibacterium5) and Trichosporon cutaneum.6)
All of the catechol 1,2-oxygenases so far purified and characterized contained nonheme iron as a sole co factor.19) The enzyme activity was inhibited 53% with KCN (1 him), which might suggest that the enzyme, differently from other ring-cleaving oxygenases, is a heme iron protein.
